Background E75, a HER2/neu immunogenic peptide, is expressed in breast cancer (BCa). We have performed clinical trials of E75 + GM-CSF vaccine in disease-free, nodepositive and node-negative BCa patients at high recurrence risk and recurrences were noted in both control and vaccine groups. Methods Among the 186 BCa patients enrolled, 177 completed the study. Patients were HLA typed; the HLA-A2 + / A3 + patients were vaccinated; HLA-A2 ¡ /A3 ¡ patients were followed as controls. Standard clinicopathological factors, immunologic response to the vaccine, and recurrences were collected and assessed.
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Introduction
Some cancer vaccines target tumor-associated antigens (TAA), which are proteins expressed by tumors capable of eliciting a speciWc immune response that may be protective against recurrence of disease. One of the most investigated TAA in breast cancer (BCa) is the HER2/neu protein [1] . HER2/neu is a known prognostic factor in BCa and is the target for trastuzumab (Herceptin ® ). The mechanism of action of this monoclonal antibody is uncertain, but our preclinical data shows trastuzumab saturates HER2/neu receptors and promotes internalization increasing sensitivity of HER2/neu-expressing tumor cells to lysis by vaccine speciWc T cells [2] . Data from others suggest that trastuzumab mediates an antibody-dependent cellular cytotoxicity against cancer cells over-expressing HER2/neu [3] . The use of trastuzumab has been shown to decrease recurrence rates when administered as an adjuvant in combination with chemotherapy compared to chemotherapy alone, and is now current standard of care for patients with node-positive or metastatic breast cancer which overexpress HER2/neu (meaning IHC 3 + or FISH¸2.0) [4, 5] . Cancer vaccines targeting TAA are not a new idea but in the past have focused on treating patients with metastatic disease and therefore their preventive capabilities have not been fully explored. One vaccination strategy is to use immunogenic peptides from the TAA to engender and/or boost pre-existing immune responses against the tumor cells. E75 (KIFGSLAFL, HER2/neu, 369-377) is an immunodominant peptide from the HER2/neu protein and is the most extensively studied peptide from this TAA. This HLA-A2 binding nonapeptide is recognized by cytotoxic T lymphocytes (CTL) [6] . E75 has been used in multiple clinical trials as an anticancer vaccine in various forms to include: single peptide vaccine combined with diVerent immunoadjuvants [7] [8] [9] ; loaded onto autologous dendritic cells and reinfused [10] ; or embedded in longer peptides capable of binding HLA class II molecules in order to recruit CD4 helper T cells [11, 12] . Each approach listed above has been shown to be safe and eVective at stimulating E75-speciWc immunity. In our lab, we have combined the E75 peptide with immunoadjuvant, granulocyte macrophage-colony stimulating factor (GM-CSF) and tested its ability to prevent recurrence in maximally treated, diseasefree BCa patients.
The Wrst of our E75 clinical trials involved immunocompetent, disease-free, node-positive (NP) BCa patients who express some level of HER2/neu (IHC 1 + -3 + or FISH > 0). After completion of the standard of care therapies (surgery, chemotherapy and radiation as clinically indicated), the patients were enrolled and HLA typed. HLA-A2 + /A3 + patients were vaccinated and HLA-A2 ¡ /A3 ¡ patients were followed as prospective controls [13] . The study was designed as a two-stage safety trial with escalating doses of peptide in the initial stage and alterations of schedule in the latter stage. The vaccine was found to be safe and induced reproducible HER2/neu-speciWc immune responses. Notably, the induced HER2/neu immunity appeared to reduce the recurrence rate in patients with NP BCa.
A second trial with immunocompetent, disease-free, high-risk node-negative (NN) BCa patients was performed. Just as in the NP trial, patients were enrolled after completion of standard therapies and HLA typed. Of note, a diVerence in the NN trial was that Wve control (5/35) and seven vaccinated (7/51) patients had non-HER2/neu-expressing tumors (IHC 0). This was done in order to determine the feasibility of vaccinating a presumably antigen-naive host for future true prevention trials. Other than these cumulative 12 patients, the remainder of patients had some level of HER2/neu expression (IHC 1 + -3 + or FISH > 0). The NN trial was designed to further delineate optimal biologic dose (OBD). As in the NP trial, the NN trial demonstrated the vaccine to be safe and capable of inducing an immune response at a variety of doses and an OBD was determined.
We have recently reported the combined safety and eYcacy results of the combined NP and NN trials [14, 15] . These trials have allowed us to develop an optimal dosing regimen, but more importantly, the combined results demonstrate that the E75 vaccine signiWcantly reduced the recurrence rate in vaccinated patients compared to the prospective controls at a median of 20 months follow-up. However, without booster inoculations, the statistical signiWcance was lost at 26 months median follow-up, and the question remains how best to maintain long-term immunity and protection against BCa recurrence with a CTL epitope vaccine.
Taken together, our NP and NN clinical trials with the E75 peptide vaccine represent one of the largest BCa prevention immunotherapeutic trials performed thus far. Here, we report a detailed analysis of the patients that recurred in both arms of the trials assessing their clinicopathologic prognostic factors, immune responses, and patterns of recurrence. [19] .
Materials and methods

Patient characteristics and clinical protocol
Vaccine
The E75 peptide was commercially produced in good manufacturing practices grade by NeoMPS, Inc. (San Diego, CA). Peptide purity (>95%) was veriWed by high-performance liquid chromatography and mass spectrometry, and the amino acid content was determined by amino acid analysis. Lyophilized peptide was reconstituted in sterile saline at 100, 500, or 1,000 g in 0.5 ml. This peptide was mixed with GM-CSF (Berlex, Seattle, WA) in 0.5 ml, and the 1.0 ml inoculation was split and given intradermally at two sites 5 cm apart. All inoculations were given in the same extremity.
Vaccination series
The NP trial was designed as a two-stage safety trial with escalating doses of peptide in the initial stage and alterations of the schedule in the latter stage. Details of the vaccine series have been previously published [13, 14] . BrieXy, three to six patients were each assigned to receive four or six monthly injections of 100, 500, or 1,000 g of E75 peptide mixed with 0.5 mL of GM-CSF. Groups were ultimately expanded in order to determine and conWrm optimal dosing in NP patients, accounting for the larger number of patients in the latter dose groups.
The NN trial was designed to further delineate the OBD by varying the dose of GM-CSF and altering the inoculation schedule. A total of 12 patients with non-HER2/neuexpressing tumors (IHC 0) were allowed in this trial to determine the feasibility of vaccinating a presumably antigen-naive host. Ten patients were assigned to each dose group to receive three, four or six monthly injections of constant peptide dose of 500 g, and varying doses of 125 or 250 g of GM-CSF.
Toxicity
Patients were observed 1 h post-vaccination for immediate hypersensitivity and returned 48-72 h later to have their injection sites measured and questioned about toxicities. Toxicities were graded by the NCI Common Terminology Criteria for Adverse Events, v3.0 and reported on a 0-5 scale. Progression from one dose group to the next occurred only if no signiWcant toxicity occurred in the lower dose group. Patient-speciWc results are reported based on maximal local and systemic toxicity occurring during the series.
Peripheral blood mononuclear cell isolation and cultures
Blood was drawn before each vaccination and at one (postvaccine) and six months (long-term) after vaccine series completion. Fifty ml of blood was drawn and Peripheral blood mononuclear cell (PBMC) isolated. PBMC were washed and re-suspended in culture medium and used as a source of lymphocytes as previously described [13, 14] .
HLA-A2:immunoglobulin dimer assay
The presence of CD8 + E75-speciWc T cells in freshly isolated PBMC from patients was directly assessed by using the dimer assay as previously described [20] . BrieXy, the HLA-A2:immunoglobulin (Ig) dimer (PharMingen, San Diego, CA) was loaded with the E75 or control peptide (E37, folate binding protein (25-33) RIAWARTEL) by incubating 1 g of dimer with an excess (5 g) of peptide and 0.5 g of 2 -microglobulin (Sigma, St. Louis, MO) at 37°C overnight then stored at 4°C until used. PBMC was washed and re-suspended in PharMingen Stain BuVer (PharMingen) and added at 5 £ 10 5 cells/100 l per tube in 5 ml round-bottom polystyrene tubes (Becton Dickinson, Mountain View, CA) and stained with the loaded dimers and antibodies. In each patient the level of CD8 + E75-speciWc T cells was determined in response to each successive vaccination, and average post-inoculation levels were compared to their pre-inoculation level.
Delayed type hypersensitivity
In both trials, a delayed type hypersensitivity (DTH) reaction was assessed with 100 g of E75 in 0.5 ml of normal saline (without GM-CSF) and 0.5 ml normal saline as a volume control 1 month after completion of the vaccine series as described previously. The DTH reaction was measured in two dimensions at 48-72 h by using the sensitive ballpoint-pen method and reported as the orthogonal mean and compared to control [21] . Patients in the NN group also had DTH testing prior to vaccination.
Clinical recurrences
All patients were observed for clinical recurrence per standard of care cancer screening as dictated by the patient's primary oncologist. A patient was considered recurrent if biopsy proven or if treated for recurrence by the primary oncology team.
Statistical analysis
Recurrence rates were compared between groups using survival analysis by the Kaplan-Meier method, and the proportion of subjects who had recurrences were compared using log-ranked analysis. P values for clinicopathologic factors were calculated using Wilcoxon, Fisher's exact test or 2 as appropriate. P values for comparing pre-vaccine and post-vaccine dimer levels were calculated using Wilcoxon and for DTH using unpaired, two-tailed Student's t test.
Results
Recurrence rates and clinicopathological prognostic factors of patients in the NP and NN trials To better understand why vaccinated patients experienced BCa disease recurrence, we analyzed the number of patients with a disease recurrence in the vaccinated and control (non-vaccinated) groups. Totally 186 patients were enrolled in the two studies; 9 withdrew (4 control patients and 5 vaccinated patients-none withdrew due to toxicity) resulting in 177 completing the trials. There were 96 patients receiving the E75 vaccine (45 NP and 51 NN patients) and 81 controls (46 NP and 35 NN patients). The E75 vaccinated group had eight recurrences (7 NP and 1 NN patients). The control group had 12 recurrences (10 NP and 2 NN patients). Overall, the recurrence rate for E75 vaccinated patients at a median of 26 months was 8.3% and the control group recurrence rate was 14.8% (P = 0.17) (Fig. 1) .
Due to the similarities of these parallel trials using the same vaccine in disease-free BCa patients, we combined the NP and NN results for an overall analysis of the safety and eVectiveness of the E75 vaccine. To validate the comparison of the combined control arms to the vaccinated arms, we analyzed clinicopathological factors of the two groups. Clinically relevant prognostic factors assessed include tumor size, nodal status, grade, hormone-receptor status, and degree of HER2/neu expression (Fig. 2) . Control and vaccinated patients had similar prognostic and treatment factors, except a higher percentage of vaccinated patients had hormone-receptor negative tumors (32 vs. 17%, P = 0.03). We also evaluated the treatment proWle of our patients in terms of receiving chemotherapy, radiation therapy, hormonal therapy, and/or Trastuzumab (Fig. 2) . Since fewer patients in the vaccine group had hormonereceptor positive tumors, fewer vaccinated patients received adjuvant hormonal therapy, known to reduce the risk of recurrence [15] .
Clinicopathological features in vaccinated patients who recurred
In order to conWrm the impact of disease aggressiveness on recurrence, we analyzed the clinicopathological factors in the vaccinated patients and compared the results between the recurrent (V-R) and nonrecurrent (V-NR) vaccinated groups of patients (Fig. 3) . As expected, the recurrent group had worse prognostic factors with higher nodal stage (%¸N2 = 75 vs. 5%, P = 0.0001) and higher grade tumors (% grade 3 = 88 vs. 31%, P = 0.003) compared to the 
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V-NR group. Additionally, the V-R group showed a trend toward larger tumors (%¸T2 = 62.5 vs. 27.3%, P = 0.09) and hormone-receptor negativity (% ER/PR ¡ = 62.5 vs. 27.7%, P = 0.11) compared to the V-NR group.
Immunologic response to vaccination in patients who recurred
We analyzed the V-R verses V-NR groups to assess whether or not failure to respond to the vaccine contributed to recurrence. E75-speciWc CD8 + T cells were assessed and the results are presented as the mean dimer response prevaccination (pre), maximum dimer response (max), post completion of the series (post), and 6 months after last vaccine (long-term) (Fig. 4) . The assessment revealed a generalized increase in the percentage of E75-speciWc CD8 + T cells during the vaccination series which then decreased to a plateau at the completion of the series. The results show no statistical diVerence in the in vitro immune response between the V-R and V-NR patients, but there is a trend that patients with recurrent disease had an increased post and long-term in vitro immune response.
Response to vaccine was also assessed in vivo by DTH analysis at 1 month after completion of the vaccination series. The DTH measurements show no diVerence in the in vivo response between V-R and V-NR patients (15.0 § 3.9 vs. 13.5 § 1.5, P = 0.7) (Fig. 5) .
Assessment of vaccine eVects on patients who recurred
Since the V-R patients responded to the vaccine as measured by in vitro and in vivo responses, we compared the V-R patients to those patients who recurred in the control group (C-R) to evaluate for any impact of the vaccine on recurrences. First we compared standard clinicopathological risk factors and we found no statistically signiWcant diVerences between these groups; however, the V-R patients trended toward higher-grade tumors (% grade 3 = 88 vs. 42%; P = 0.07) and the V-R patients were more hormonally insensitive (%ER/PR ¡ = 63 vs. 33%, P = 0.10) (Fig. 6 ). These trends suggest that less aggressive tumors may have been prevented in the V-R patients thus accounting for the diVerences between the groups' recurrence rates. More interesting and convincing of a vaccine eVect is the assessment of disease recurrence patterns. We compared the location of recurrences in the V-R and C-R groups. While the rates of loco-regional and visceral metastases were similar between the groups, the C-R patients had 50% bone-only recurrences (6/12), whereas the V-R had no bone-only recurrences (0/8) (P = 0.05) (Fig. 7) .
Finally, we assessed the incidence of recurrence and mortality of patients with recurrence, and the vaccinated group trended towards decreased recurrence rates, mortality per recurrence and overall mortality. As previously noted, the recurrence rate in the vaccinated patients was 8.3% (8/ 96) compared to the control patients with 14.8% (12/81); this diVerence was not statistically signiWcant (P = 0.17). The overall mortality rate among control patients was 6.2% (5/81) compared to only 1.0% (1/96) (P = 0.1) in the vaccinated group. Among recurrent patients, the V-R and C-R groups mortality rate was 41.7 (5/12) and 12.5% (1/8), respectively (P = 0.3) (Fig. 8) .
Discussion
In our clinical trials, the E75 peptide vaccine statistically reduced BCa recurrences in patients with a history of NP and NN BCa at 20 months of median follow-up. After this point in the trial and without boosters, the statistical signiWcance was lost (as was immunity), but the trend continued towards prevention of BCa recurrence [13, 14] . In this study, we have analyzed the vaccinated patients who did or did not have a recurrence of disease along with control patients who recurred. Based upon the assessment of a total of 177 patients, we have shown that V-R patients had more aggressive disease compared with V-NR patients when using known clinicopathologic prognostic and treatment factors. Importantly, the V-R patients did not fail to immunologically respond to the vaccine. In fact, it would appear that despite the presence of recurrence, the vaccine impacted the distribution of disease and perhaps even improved survival rates.
As expected the V-R group clearly had more aggressive disease when compared to the V-NR group since tumor biology will drive the nature of the disease despite treatment received [22] [23] [24] [25] . Of much more interest to our vaccine program is whether patients recurred due to a failure to respond to the vaccine. In previous large vaccine studies like the Theratope ® and Canvaxin™ trials, there have been suggestions that the reason vaccinated patients recurred was due to a failure of those vaccines to induce a meaningful immune response in those patients. Theratope ® is a vaccine developed against Sialyl-Tn (STn), which is a carbohydrate associated with mucin-1 and is expressed on the cell surface of human cancer cells, to include BCa. Phase I-III trials of this vaccine have shown the vaccine to be safe and capable of generating an immune response in patients with metastatic BCa (therapeutic vaccine). There has been some concern that the vaccination has not been beneWcial to all patients but subset analysis has shown that varying response rates may be due to lack of immune response. The current phase III Theratope ® and hormone therapy breast cancer trial demonstrated a survival beneWt in patients who could mount an adequate antibody immune response to STn [26] . CancerVax which makes Canvaxin™, a whole-cell vaccine prepared from three allogenic melanoma cell lines, is another well known cancer vaccine being studied for metatstatic melanoma that has shown promise in phase III trials (therapeutic vaccine) [27] . Overall both of these trials were negative, but subset analysis has shown that patients who immunologically responded to the respective vaccines had improved outcomes.
It is important to note that contrary to the results in the Theratope ® and Canvaxin™ trials, our data shows no statistical diVerence in the in vitro or in vivo immune responses between the V-R and V-NR patients. The immune response to the E75 peptide vaccine was measured both in vitro with a phenotypic assay to detect peptide-speciWc clonal expansion, and in vivo with clinical DTH reactions [28, 29] . Both of these assays showed a positive induction of E75-speciWc immune responses in all of the vaccinated patients. Therefore, the recurrences in the eight patients cannot be accounted for based on a failure to respond to the vaccine. Of note, the V-R patients trended towards improved post and long-term in vitro immune responses. The later were measured prior to V-R patients recurring and may be the result of immune processing of occult tumor cells in these patients who would subsequently recur.
The E75 peptide is a MHC class I vaccine and stimulates CD8 + T cells, which are often not capable of sustaining a prolonged memory immune response in the absence of continued antigen exposure and stimulation by antigen-presenting cells. The concern then becomes over time that the immune response to the vaccine may decline, leading to decreased eVectiveness of the vaccine and an increased risk of recurrence. When assessing long-term immune responses, a waning of the levels of E75-speciWc CD8 + T cells was noted and for this reason we are now performing booster vaccinations and are assessing the prolonged immune response and recurrence rates.
Since it would appear that the vaccinated recurrent patients did respond to the vaccine, then it is important to know if the vaccine impacted their disease. Comparing the V-R and C-R patients, it is interesting to note that there is a trend towards higher grade tumors and hormone-receptor negativity in the vaccinated patients. These diVerences suggest that the vaccine may be impacting and thus preventing some less aggressive tumors from recurring. More likely, the vaccine may particularly limit the recurrences among patients with less aggressive disease. Expanding upon this line of investigation, we analyzed the location of BCa recurrence and found the results to be statistically signiWcant in regards to the site of recurrence. In the V-R group, there were no patients with bone as the site of their initial recurrence, while bone-only disease was seen in half of the control patients. Bone is the most common site of breast cancer metastasis with 35-50% of initial recurrences being bone-only recurrences as seen in our control group [30] . Many studies have suggested that patients with bone as the sole site of metastatic disease having better prognosis with median survival from diagnosis of 35 months compared with 11-26 months for visceral recurrence [31] . The proposed mechanism of osteolytic bone metastasis has been recently reported to be due to the interaction of GM-CSF with nuclear factor-B (NF-B) as a key target leading to stimulation of osteoclast development. In that study, it was found that the expression of GM-CSF correlated with NF-B activation in bone-metastatic tumors in patients with breast cancer [32] . However, in our study, we used GM-CSF as an immunoadjuvant with all of our vaccinations, and there were no bone-only recurrences in our vaccinated patients. This leads to the consideration that the vaccination may somehow alter the immune process leading to fewer recurrences in more indolent disease, or patients who would have gone on to have bone as their site of metastasis.
Another possibility is that the vaccine could alter the tumor recurrence site via the modulation of memory CD8 + T cells. It has recently been demonstrated that antigen speciWc CD8 + T cells localize in the bone marrow and persist for several months after immunization [33] . In the study by Di Rosa and Santoni, the bone marrow had a larger number of CD8 + T cells than both lymph nodes and spleen. In addition the CD8 + T cells in the bone marrow had a more prompt response to antigen than splenic CD8 + T cells, suggesting a higher state of activation in the bone marrow. So, while bone may be a favored site for metastatic recurrences, it may also be a site for maintaining immunologic memory against cancer cells. Vaccination may increase the presence of anti-tumor CD8 + T cells in the bone marrow, leading to cell-mediated killing of micro-metastatic disease.
In addition to a diVerent recurrence pattern, we observed a diVerence in the survival rates between the two arms with 99.0% overall survival (OS) in the vaccinated group compared to 93.8% OS in the controls. Of the patients who do recur there is an 88% survival rate in the vaccinated group verses a 58% survival rate in the control group. The vaccine appears to improve both OS and survival rates in patients who have recurred.
Conclusion
In conclusion, our study demonstrates that the HER2/neu (E75) vaccine may lead to a decrease in the recurrence rate. Our study shows that recurrence is not due to lack of immune response to the vaccine. We also found that while prognostic factors continue to drive recurrences, induced HER2/neu immunity appears to alter recurrence and overall survival. Importantly, compared with the controls, it appears that the vaccine may limit the recurrences among patients with less aggressive disease and may alter the distribution of disease with no bone marrow metastasis. Further studies, including a multi-center, randomized, prospective phase III clinical trial are upcoming to validate the true clinical beneWt of this vaccine and at the same time we will continue to optimize the vaccine regimen to promote prolonged protective immunity.
